Dendritic cell (DC) homing to the lymphatics and positioning within the lymph node is important for adaptive immunity, and is regulated by gradients of CCL19 and CCL21, ligands for CCR7. Despite the importance of DC chemotaxis, it is not well understood how DCs interpret gradients of these chemokines in a complex 3D microenvironment. Here, we use a microfluidic device that allows rapid establishment of stable gradients in 3D matrices to show that DC chemotaxis in 3D can respond to CCR7 ligand gradients as small as 0.4%, which helps explain how DCs sense lymphatic vessels in an environment where broadcast distance for chemokine diffusion is hindered by convective flows into the vessel. Interestingly, DCs displayed similar sensitivities to both chemokines at small gradients (≤60 nM∕mm), but migrated more efficiently towards higher gradients of CCL21, which unlike CCL19 binds strongly to matrix proteoglycans and signals without the need for internalization. Furthermore, cells preferentially migrated towards CCL21 when exposed to equal and opposite gradients of CCL21 and CCL19 simultaneously, even when matrix-binding of CCL21 was prevented. Although these ligands have similar binding affinity to CCR7, our results demonstrate that, in a 3D environment, CCL21 is a more potent directional cue for DC migration than CCL19. These findings provide new quantitative insight into DC chemotaxis in a physiological 3D environment and suggest how CCL19 and CCL21 may signal differently to fine-tune DC homing and positioning within the lymphatic system. These results also have broad relevance to other systems of cell chemotaxis, which remain poorly understood in the 3D context. cell migration | chemoinvasion | in vitro | microfluidics | leukocyte D endritic cells (DCs) are considered the most potent and professional antigen-presenting cells. DCs are positioned throughout the periphery, and when activated, migrate to lymphatic vessels and into lymph nodes, where they can direct antigen-specific Tcell responses. Upon activation or maturation, DCs upregulate the C-C chemokine-receptor CCR7, which allows them to sense and home towards CCR7 ligand-secreting lymphatic vessels and lymph nodes (1). The two known ligands for CCR7 are the C-C chemokines CCL21 and CCL19 (2); both are secreted by stromal cells in the lymph node paracortex to properly position DCs with CCR7 þ naïve T cells for their activation. CCL21, but not CCL19, is also expressed by the endothelium of lymphatic vessels in the periphery (1). Thus, CCR7-mediated chemotaxis is critical for DC homing to, and positioning within, lymph nodes and for T cell activation there (3).
Dendritic cell (DC) homing to the lymphatics and positioning within the lymph node is important for adaptive immunity, and is regulated by gradients of CCL19 and CCL21, ligands for CCR7. Despite the importance of DC chemotaxis, it is not well understood how DCs interpret gradients of these chemokines in a complex 3D microenvironment. Here, we use a microfluidic device that allows rapid establishment of stable gradients in 3D matrices to show that DC chemotaxis in 3D can respond to CCR7 ligand gradients as small as 0.4%, which helps explain how DCs sense lymphatic vessels in an environment where broadcast distance for chemokine diffusion is hindered by convective flows into the vessel. Interestingly, DCs displayed similar sensitivities to both chemokines at small gradients (≤60 nM∕mm), but migrated more efficiently towards higher gradients of CCL21, which unlike CCL19 binds strongly to matrix proteoglycans and signals without the need for internalization. Furthermore, cells preferentially migrated towards CCL21 when exposed to equal and opposite gradients of CCL21 and CCL19 simultaneously, even when matrix-binding of CCL21 was prevented. Although these ligands have similar binding affinity to CCR7, our results demonstrate that, in a 3D environment, CCL21 is a more potent directional cue for DC migration than CCL19. These findings provide new quantitative insight into DC chemotaxis in a physiological 3D environment and suggest how CCL19 and CCL21 may signal differently to fine-tune DC homing and positioning within the lymphatic system. These results also have broad relevance to other systems of cell chemotaxis, which remain poorly understood in the 3D context. cell migration | chemoinvasion | in vitro | microfluidics | leukocyte D endritic cells (DCs) are considered the most potent and professional antigen-presenting cells. DCs are positioned throughout the periphery, and when activated, migrate to lymphatic vessels and into lymph nodes, where they can direct antigen-specific Tcell responses. Upon activation or maturation, DCs upregulate the C-C chemokine-receptor CCR7, which allows them to sense and home towards CCR7 ligand-secreting lymphatic vessels and lymph nodes (1) . The two known ligands for CCR7 are the C-C chemokines CCL21 and CCL19 (2); both are secreted by stromal cells in the lymph node paracortex to properly position DCs with CCR7 þ naïve T cells for their activation. CCL21, but not CCL19, is also expressed by the endothelium of lymphatic vessels in the periphery (1). Thus, CCR7-mediated chemotaxis is critical for DC homing to, and positioning within, lymph nodes and for T cell activation there (3) .
CCL19 and CCL21 function as directional signals presumably by virtue of concentration gradients (∇C) that guide DCs towards areas of increasing concentrations. Interestingly, CCL19 and CCL21 have similar binding affinities for CCR7 (4) (5) (6) and similar chemotactic potential for DCs and T cells under 2D conditions (7, 8) , but differ in their internalization (8, 9) as well as their binding affinity to extracellular matrix (ECM) proteoglycans. Specifically, the positively charged C terminus of CCL21 gives it strong binding affinity to a wide range of proteoglycans [as well as type IV collagen (10)], unlike CCL19 (11) (12) (13) . Additionally, matrix-bound CCL21 can activate DC and T cell adhesion to adhesion ligands like ICAM-1 (14, 15) . This study addresses the question of how DCs respond to gradients of CCR7 ligands in 3D environments-in particular, whether they differentiate between soluble vs. matrix-bound signals, and the relative importance of gradient steepness vs. average concentration.
DCs, like most migratory cells, exist and move in a 3D environment. However, our current understanding of DC chemotaxis is largely qualitative and limited to 2D (16) (17) (18) (19) . Furthermore, while it is well established that cell migration requires different mechanisms in 3D vs. 2D (20) (21) (22) (23) (24) (25) , nearly all chemotaxis studies to date have been performed in 2D or 2.5D conditions largely because of the lack of model systems in which well defined gradients can be created in 3D while evaluating cell invasion (especially because DC migration is relatively fast compared to the time scale of diffusion for gradient establishment). Here, we describe the chemotactic behavior of DCs in 3D to well defined gradients of CCL21 and CCL19, revealing their chemosensitivity to ligand gradient strength, insensitivity to ligand state (bound vs. soluble) and enhanced response to CCL21 vs. CCL19. To this end, we used a recently described microfluidic device in which stable and well defined gradients can be preestablished before cells and matrix are introduced, and live cell migration can be visualized (26) .
Results and Discussion
Characterizing Stable, Well Defined Gradients in an Agarose-Based Microfluidic Device. To observe DC chemotaxis in 3D environments in response to gradients of CCR7 ligands, we used a biological extracellular matrix of 1.5 mg∕mL type I collagen and 10% Matrigel (MG), which had the appropriate stiffness and composition for optimal DC migration (25) , while also containing heparan sulfate proteoglycans to allow natural CCL21 binding. This matrix differs from 3D matrices in vivo, which are more complex, composed of higher matrix densities, and heterogeneous in composition and architecture (27) ; however, physiological processes like tumor cell invasion and dendritic cell migration can be mimicked with close similarity to the in vivo situation in such matrices (21, 23, 25) .
We first modified our agarose-based microfluidic gradient culture device (26) to rapidly (within 2 min) establish stable and well defined chemokine gradients within the DC-loaded 3D ECM, due to gradient-buffering capabilities of the agarose scaffold (Fig. 1) . Specifically, the injected ECM contained the average concentration of the two side channels, eliminating sharp concentration gradients initially; this was particularly important for CCL21, where matrix-binding increases the time necessary for gradient development. The rapid establishment of the gradient, necessary for evaluating relatively fast-moving cells like DCs, distinguishes our gradient buffer chamber from other recently described devices that develop gradients more slowly and after cells are in place (28) (29) (30) . This device proved to be robust, reproducible, and easy to use, allowing us to carry out up to 12 experiments in one day; this was critical for studies with primary DCs, whose isolation, differentiation, and maturation had to be precisely timed for each batch.
Next, we estimated the kinetics of gradient establishment for CCL19 and CCL21 in this device using computational models (SI Text). Because CCL21 has been reported to bind various ECM proteoglycans with different affinities (11-13), we first determined the binding constant of CCL21 to our specific matrix to be K D ECM ¼ 7 nM (AE8 nM) using a modified ELISA assay (SI Text , Fig. S1 ); this was consistent with previous measurements of 5.5 nM to heparin (12) . The CCL21 was primarily binding to the proteoglycan-rich MG, because its affinity to collagen alone was below detection. No binding to the ECM could be detected for CCL19 (Fig. S1 ).
Using these binding constants, together with an assumed matrix-binding k on ECM of 9.3 × 10 4 M −1 s −1 (31), we estimated the extracellular concentration profiles of CCL21 and CCL19 in space and time both computationally, using Comsol (Fig. 1B , dotted line) as well as experimentally, using FITC-labeled chemokines in the chamber (Fig. 1B , continuous line and Fig. 1C) . A steady-state gradient was reached after ∼120 min (Fig. 1B,i) , thus in all experiments we introduced the cell-ECM solution after 180 min (Fig. 1B, i) . Introducing the cells destabilized the gradient (Fig. 1B, ii) , but because of the gradient-buffering capacity of the agarose and addition of the average chemokine concentration to the gel initially, the gradient restabilized to within 90% of its steady-state value after only 2 min (Fig. 1B, iv) . As indicated by the smooth transition from the source channel to the adjacent agarose, no significant chemokine binding to the agarose scaffold was detected (Fig. 1C, top) , while CCL21 accumulated in the matrix as expected (Fig. 1C, bottom) . We estimated the concentration of binding sites as 25 nM from these confocal images (Fig. 1C, insets) .
With this data, we could precisely predict and control the gradients of bound and soluble chemokines that formed in the center channel after chemokine solutions were imposed in the side channels.
Dendritic Cell Characterization. Because primary cultures of murine DCs were used, which are inhomogeneous and variable, we characterized each batch for differentiation, maturity, and expression of CCR7 and CCL19 (SI Text). Bone-marrow derived cell populations typically consisted of 70% DCs (as indicated by CD11c-expression) of which 80% were CCR7 þ after lipopolysaccharide treatment ( Fig. S1 A-B ). Compared to immature DCs, mature DCs expressed higher levels of MHCII, CD86, and CCR7, as expected (32) . Finally, we found that autologous secretion of CCL19 (33) , which could potentially interfere with exogenous gradient sensing, was at least an order of magnitude less than the average concentrations of added chemokines (Fig. S2F ), allowing us to consider only the exogenous gradients in interpreting the results.
CCR7 Signaling Causes only Mild Chemokinesis in Dendritic Cells. Because CCR7 signaling can increase motility in T cells (15) and in some cases DCs in 2D culture (34, 35) , we next examined the influence of CCL19 and CCL21 on DC motility in a 3D environment both in terms of activating cells to be motile as well as affecting their average (random) speed. We found that in 3D, chemokinetic effects on DCs were relatively small (Fig. 2) . Statistically significant increases in the percent of migrating cells and average cell speed were seen only at CCL19 concentrations above 50 nM, and only above 100 nM for CCL21. Furthermore, a biphasic trend was observed in cell speed, where lower concentrations (0-50 nM for CCL19; 0-71 nM for CCL21) decreased migration speed, and higher concentrations (>50 nM) slightly increased speed compared to that in the absence of chemokine. This pattern was also reflected in the cell speed frequency distributions, grouped into four concentration ranges (Fig. 2 C and D) . For CCL19, the cells responded in a normal distribution as seen by bell-shaped curves whose peaks shift with different concentrations (Fig. 2C) . In contrast, for CCL21 only a small population (∼10%) exhibited pronounced increases in cell speed at the highest concentration range (111-124 nM). Thus, while CCL19 slightly increased the overall cell speeds at higher concentrations, CCL21 caused a small population of cells to move faster; however, these effects were minor.
Dendritic Cells Chemotact Differentially to CCL19 and CCL21 at Higher Concentration Gradients. Chemokine gradients can be sensed by cells in a number of ways (36, 37) , and CCR7-driven DC chemotaxis in 3D has not to date been quantitatively described. We sought to quantitate and compare DC chemotactic behavior in 3D in different gradients of CCL21 and CCL19, considering that the absolute concentration gradient (∇C), average concentration (C Avg ), and percent gradient (∇C∕C Avg ) may all contribute to how DCs sense and respond to the chemokine. We first subjected DCs to increasing ∇C, while keeping the relative gradient (∇C∕C Avg ) constant. To quantify the chemotactic sensitivity, we measured the average cell velocity parallel to the imposed gradient (V x ). Interestingly, V x became positive only at gradients ≥25 nM∕mm for both chemokines, but continued to increase at higher gradients only for CCL21 (Fig. 3A) . It has been hypothesized that cellular chemosensitivity is proportional to the difference of the number of ligand-receptor bound states in the front vs. back of the cell, supported by data from 2D chemotaxis studies (38, 39) . At equilibrium of ligand-receptor binding, the percentage of ligand-bound receptors is C∕ðC þ K D Þ, where K D is the effective binding constant (k off ∕k on ) of ligand to receptor. The difference in the fractional ligand-receptor bound state between the front and back of the cell is thus proportional to ∇ðC∕ðC þ K D ÞÞ, or ∇C∕ðC þ K D Þ 2 , where ∇ refers to the spatial gradient along the x direction in our case (see SI Text).
To test whether DC chemosensitivity to CCR7 ligands in 3D gels was consistent with this mechanism, we thus fit both sensitivity curves to the following equation:
where A is a constant. Both sets of data showed excellent fit to Eq. 1, indicating that ligand-receptor binding kinetics play important roles in DC chemotaxis in gradients of CCR7 ligands. At the highest ∇C tested (220 nM∕mm), the chemotactic response appeared to decrease for CCL19 but not CCL21; this may reflect differences in receptor availability due to CCR7 recycling only after binding CCL21 but not CCL19 (8, 9, 40) . Such receptor recycling differences would lead to a higher apparent K D of CCL21 than CCL19 for binding CCR7, which is supported by the effective K D values estimated from fitting the data in Fig. 3A to Eq. 1: namely, 100 nM (AE40 nM) for CCL19 and 250 nM (AE110 nM) for CCL21. This effective binding constant is not equal to the direct binding constant of the chemokine-receptor pair but rather reflects its apparent binding constant as reflected by the functional outcome (chemotactic behavior), taking into account receptor internalization and recycling kinetics (40, 41) . These values are higher than already reported K D values for CCR7 [144 pM-4.7 nM; (4, 5)], which probably reflects the internal receptor processing as mentioned above. We then kept ∇C constant at 30 nM∕mm while increasing C Avg [in this case, the % gradient (∇C∕C Avg ) decreases with increasing C Avg ]. We found a poor correlation between C Avg and chemosensitivity at a fixed ∇C. However, chemosensitivity generally decreased with increasing C Avg (Fig. 3B) for CCL21, but not for CCL19, suggesting that cells may be more adaptable to varying CCL19 levels than to CCL21. The higher adaptability to CCL19 vs. CCL21 levels could have implications for long-range signaling, because CCL19 concentrations strongly vary between tissues (42, 43) and its relatively non-matrix-binding characteristics imply shallower gradients over longer distances, while matrixbound CCL21 gradients are more strongly localized to lymphatic vessels and the T cell zone of the lymph node (14) .
Finally, we compared the effects of the % gradient (∇C∕C Avg ) on chemosensitivity (Fig. 3C) . Here, as with absolute gradient (Fig. 3A) , we observed a positive correlation for chemotaxis towards CCL21 at increasing % gradients, but a flat profile for chemotaxis towards CCL19 as a function of % gradient from 0.4 to 2 mm −1 . For both chemokines, chemosensitivity was only nonzero when C Avg > 5 nM (Fig. 3A) ; this concentration threshold for gradient sensing may relate to the fact that DCs secrete small amounts of CCL19 themselves (∼1-3 nM, Fig. S2F ), which the exogenous concentration must overcome. Classic experiments from ∼30 years ago estimated that neutrophils in 2D can sense a chemokine gradient of formyl-Met-Leu-Phe as small as 1-2% difference between front and back (36) . Here, we show that DCs can sense a gradient as little as 0.4% for an average chemokine concentration bigger than 12.5 nM. We also found that the DC persistence P (ratio of net distance traveled to total distance migrated) correlates well with the directed migration V x , indicating the absence of an additional directional bias (e.g., chamber geometry; Fig. S3 A and B) . Furthermore, by fitting the sensitivity curves of % gradient differences, we estimated similar K D values-namely, 84 nM (AE29 nM) for CCL19 and 255 nM (AE188) for CCL21 as those seen for ∇C.
Dendritic Cells Chemotact Preferentially Towards CCL21 vs. CCL19. In their physiological microenvironment, DCs are often exposed to gradients of both CCL19 and CCL21 (1, 43) . We thus asked whether DCs differentially respond to these chemokines when exposed to two opposing gradients simultaneously and compared DC migration in several scenarios. First, the side channels were flushed with equal concentrations of 50 or 100 nM of each chemokine, which led to equivalent and opposite gradients of soluble chemokines, while the matrix-bound CCL21 only affected total CCL21 gradients differently (Fig. 4 A-C) . In the lower concentration (C Avg ¼ 25 nM), we expect that the matrix-binding sites are not saturated and a gradient of bound CCL21 forms that, when added, to a slightly increased gradient of total CCL21 than CCL19 (60 vs. 50 nM∕mm, respectively). In this scenario, DC migration was heavily skewed towards CCL21 (Fig. 4B) . At the higher C Avg ð∼50 nMÞ, all binding sites should be saturated and the bound fraction of CCL21 should only raise the C Avg but not affect ∇C. Interestingly, DCs still migrated towards the CCL21 gradient (Fig. 4C) , displaying an even higher bias towards CCL21 than in the lower concentration (Fig. 4B) . However, when the CCL19 gradient was doubled compared to that of CCL21 (111 nM∕mm vs. 65 nM∕mm; Fig. 4D ), there was no directional bias towards either chemokine, even though the C Avg of both chemokines were in a similar range (50 nM and 40 nM respectively). Thus, the CCL19 gradient needed to be twice that of CCL21 to prevent chemotaxis towards CCL21. This result differs from that of a recent DC-chemotaxis study in 2D under flow (19) , where DCs are only weakly adhesive.
Because the cells may have experienced different signaling from bound vs. soluble chemokines (14), we next asked whether the CCL21 needed to be matrix-bound to drive preferential DC chemotaxis. MG provides many more binding sites for CCL21 compared to type I collagen, we repeated the experiment in MG-free matrix and still found a strong chemotactic preference for CCL21 (Fig. 4E) , even though ∇C and C Avg were matched for both chemokines (Table 1) .
Thus the preferential chemotaxis of DCs towards gradients of CCL21 vs. CCL19 did not appear to be dependent on the bound state of CCL21. Both ligands have similar affinity to CCR7 (4, 5), but drive different fates: CCL19 signaling leads to receptor internalization and temporal desensitization while CCL21 can signal from the cell membrane (6, 9, 40, 44, 45), a well described liganddependent process for G-protein-coupled receptors. This differential fate of activated CCR7 could lead to increased receptor density and signaling on the cell side dominated by CCL21 (46) , consistent with our observation of increased DC response to CCL21 gradients above 50 nM (Fig. 3A) , where receptor desensitization would occur with CCL19. Furthermore, there are some indications that receptor desensitization could take place in a ligand specific manner (8) as described for other seven-transmembrane receptors (47) . As mature DCs are secreting CCL19, CCL19-specific desensitization might be also responsible for the observed CCL21 preference (Fig. 4) .
In summary, this study addressed the question of how DCs interpret such gradients in a 3D environment to drive directed invasion, as well as how they differentially respond to CCL21 vs. CCL19 in 3D, which was previously unknown. We demonstrated that DC chemoinvasion behavior towards increasing ligand gradients is consistent with general receptor binding dynamics, and with a stronger propensity for CCL21 than CCL19, particularly at higher concentrations and gradient strengths. When exposed to equal but opposite gradients of the two CCR7 ligands, chemoinvasion was always directed towards CCL21, even when matrixbinding was inhibited. We hypothesize that the preference towards CCL21 over CCL19 was likely due to differences in receptor recycling vs. degradation rather than binding affinity of the ligands to CCR7. These findings not only shed new insight into CCR7-driven DC chemoinvasion, but they also provide a general example of quantitative leukocyte chemotaxis up well defined chemokine gradients in 3D, which to date has been lacking. Methods DC Isolation and Culture. Bone marrow was isolated from two to three month old C57BL/6 female mice as described (48) and cultured in RPMI medium 1640 containing 10% FBS, 1% penicillin/streptavidin, and 0.5% supernatant from mGM-CSF-secreting J558L cells (all from Gibco). On day 6, DCs were matured with 0.25 μg∕mL LPS (Sigma-Aldrich) and used for migration experiments on day 7.
Agarose-Based Microfluidic Chemotaxis Device. The design and construction of the agarose-based microfluidic device is described elsewhere (26) . Medium containing chemokine (mCCL21 or mCCL19, R and D Systems) was pumped at a flow rate of 1 μL∕ min; after 180 min., the gradient reached steady state and at this time the gel-cell mixture (10 6 cells∕mL in 1.5 mg∕mL type I collagen and 10% MG) was added to the center channel. The entire device was then placed in a 37°C, 5% CO 2 chamber on the microscope (Axiovert 200M, Zeiss) and after 30 min, images were collected every minute for 120 min (AxioCam MRm, Zeiss).
Migration Analysis. Using the image sequence, cells were tracked using ImageJ (NIH), and we computed the cell speed V (i.e., average position change per min.), net velocity vector in the direction parallel to the imposed gradient V x , and the persistence length P (i.e., net displacement divided by total distance traveled). Only cells that migrated >10 μm∕h were tracked. Actual values are shown with standard error of mean unless otherwise stated.
Chemokine Conjugation. mCCL21 and mCCL19 were conjugated to FITC (Sigma-Aldrich) as described (49) to visualize diffusion gradients inside the matrix, and to determine the density of CCL21 binding sites in the collagen-MG matrix.
Estimation of Matrix-Binding Site Density. The concentration of binding sites (C BS ) present in the collagen-MG scaffold was estimated with an integrated Comsol-Matlab analysis in combination with a gradient image interpolation. Briefly, after introducing fluorescently labeled chemokine in one source channel, normalized voxel intensity values from a confocal image were taken and integrated into a computational matrix. Starting from an initial C BS value, randomly chosen, simulations were run using the model described above, setting CCL21 concentrations in the right and in the left source channels to 1 and 0, respectively. The resulting concentration values were compared to the imaged gradients, and iterative computations were run until differences between experiment and computational estimate reached <5%. La Jolla, CA) using the algorithm for "one-site total binding;" in other words by fitting the data to the following equation:
Where Abs ¼ Optical absorbance (after background is subtracted), B Max ¼ maximum specific binding (in units of absorbance), C i ¼ concentration of ligandadded, and NS ¼ slope of nonspecific binding.
Theoretical model for dependence of chemotactic sensitivity on chemokine concentration gradient. We hypothesize that the cell chemotactic sensitivity (expressed as the average cell velocity along the direction of chemokine gradient) is proportional to the difference of the fractional ligand receptor occupancy at the front vs back of the cell. In our experiments, cells are exposed to a linear chemokine (CCL19 or CCL21, both ligand to CCR7) gradient along x direction. At equilibrium state, the fractional ligand receptor occupancy is Here C avg is the average chemokine concentration at the center of the channel, and l is the length of the cell, and A is a constant. Fig. S1 . Binding affinity of CCL21/CCL19 to the extracellular matrix. Experimental data (symbols) and computational fits to Eq. S1 (solid lines) to estimate K D for CCL19 (blue) and CCL21 (red) to the 1.5 mg∕mL collagen-10% MG matrix. Resulting K D values were 7 nM ( AE8 nM) for CCL21 and 160 nM ( AE20 nM) for CCL19. 
